Various aspects of our studies of the kinetic energy balance are discussed, using an improved scheme of computing the horizontal and vertical transports of the kinetic energy with the observed wind and geopotential data over North America. On a firmer basis than before, it has been shown that there is a considerable amount of kinetic energy dissipated outside the planetary boundary layer, particularly at the jet-stream level. This also may imply that intensity of the atmospheric general circulation is significantly higher than is being assumed in most of the numerical models of the atmosphere.
INTRODUCTION
In a series-of previous reports (Kung, 1 8 6 6~~ 19663, 1967) , studies of the large-scale balance of the kinetic energy in the atmosphere were reported. One of the main objectives in this series of studies is to establish the basic observational facts about the kinetic energy generation and dissipation with the standard synoptic observational data. Concerning the estimate of energy dissipation, we particularly pointed o u t that we must compute the dissipation without employing specijic theories about the dissipation mechanism. Our argument is that the independently computed dissipation values, free of specific theories or conventional assumptions, can provide an independent observational basis to study the energy dissipation, since a t present virtually no consensus exists in regard to the problem of energy dissipation.
One obvious and probably the most direct way to do this is to obtain the dissipation as the residual term to balance other energy parameters in the kinetic energy equation that are computed with the observed wind and geopotential data. In this way we can also study the energy balance without using the controversial vertical p-velocity w in the generation term. An adequate numerical analysis scheme and a dense, yet large enough, network of radiosonde observation are two essential requirements for this task. In the series of previous reports (loc. cit.), a proper scheme of computation was developed and applied to the daily 00 GMT and 12 GMT rawinsonde/radiosonde observations up to a 5-yr period from May 1958 to April 1963 over the North American Continent, obtained from the Massachusetts Institute of Technology (MIT) General Circulation Data Library (NSF Grants GP 820 and G P 3657). Those reports indicated that the kinetic energy generation from the work done by the horizontal pressure force and the dissipation are both maximum in the planetary boundary layer and a t the jet-stream level. While the majority of the earlier and current numerical weather prediction models assume that the dissipation Foundation, NSF Grant 08-1287.
Number 5558.
1 This research was supported by the Atmospheric Science Section, National Science 2 Contributiou from the hfissouri Agricultural Experiment Station Journal Series takes place only in the planetary boundary layer, this could be one of the major items yet t o be incorporated in those models. Our computed dissipation value also seems much higher than that generally obtained from studies with the conventionally computed w. If the magnitude of our dissipation value is correct, it should indicate a more intense energy cycle or efficient atmospheric engine than is generally assumed a t present. Intriguing diurnal and seasonal variations (see also I h n g and Soong, 1969) were also observed.
During our observational study of the energy balance, discussions and references concerning our reports (loc. cit.) were made in personal communications and in publications. Smagorinsky, Manabe, and Holloway (1965) showed in the numerical experiment of their Geophysical Fluid Dynamics Laboratory (GFDL) model that there were two maxima of generation and dissipation in the boundary layer and at the jet-stream level. Importance of the dissipation in the free atmosphere was also indicated by the fact (see Trout and Panofsky, 1969) that numerical predictions by the frictionless equations are subject to large errors near the tropopause. Dutton and Johnson (1967) found the diabatic generation rate of the zonal available potential energy from their exact theory to be very close to the dissipation' given by us and argue that the atmospheric energy transformations are more intense than generally realized. Wiin-Nielsen (1967 emphasized the difference between our large dissipation value and conventionally accepted smaller values, the deviation of our finding from the widely employed assumption that most of the dissipation is accounted for in the boundary layer, and also the consequent implications for general circulation energetics. Ellsaesser (1968) showed that inclusion of the dissipation mechanism in the free atmosphere is necessary for numerical weather prediction models. Ellsaesser (1969) further examined our diagnosis of the kinetic energy balance from various aspects in his climatological study of the energy dissipation and agreed with our major conclusions. Recently, Trout and Panofsky (1969) estimated the energy dissipation near the tropopause from clear-air turbulence spectra measurements and clear-air turbulence probabilities and found very close agreement with our dissipation value (Kung, 1966b) in that portion of the atmosphere.
However, some important points were left out in our previous reports (Kung, 1966a (Kung, , 19663, 1967 . A likely overestimate of the horizontal outflow of the kinetic energy and the employment of the continental-scale divergence in computing the vertical transport of the kinetic energy should be examined. The effect of the radiation error on the radiosonde data ought to be scrutinized. A seemingly large summer dissipation value in c.omparison with the winter value, interpretation of the computed dissipation value, and consistency of our reports are also to be examined in view of the improvement in the computation of transport terms. As our study of the atmospheric energy balance is entering a new phase (see section 5) with support of the National Science Foundation (NSF Grant GA-1287), it is intended in this paper to study the above-mentioned points to conclude the preliminary phase of our study.
9. SCHEME OF COMPUTATIONAL ANALYSIS As described in the previous reports (loc. cit.), the kinetic energy dissipation E over the continental area is obtained by
where &/at is the local change of the kinetic energy, nds the horizontal outflow, a,kldp the vertical transport, and -&T*V$ the generation. The horizontal bar notation indicates the continental area mean.
A and s are the continental area and boundary, n is the unit vector normal to s, and other symbols are those of the standard hemispherical polar coordinate (x, y, p , t) system.
The technique of evaluating the cross-isobar. flow with the observed wind Q and geopotential $ was described in a previous paper (Kung, 1966a) . The vertical p-velocity w is obtained by kinematically integrating the continuity equation
1 3 : c 6 Vkassuming w=O at the surface.
In the previous studies (loc. cit.) the kinetic energy, obtained with the observed wind data at a single station on the continental boundary, was used along with those of other stations on the boundary to compute the horizontal outflow. When the wind is strong, the error component in the wind observation, which is squared in the process of obtaining k, had no way to cancel out with that from other stations and tended to give a systematic overestimate of -Qk ends. In a preceding report (Kung, 1968) made. The overestimate of outflow due to this type of error may be significant only when the wind speed is very large during the winter.
Concerning the vertical transport, was substituted for in computing dwklap in the previous reports (loc. cit.). The underlying assumption here was that awklap seemed to be a small term in the kinetic energy balance and should not upset the tentative conclusions. Nevertheless, from physical reasoning the representativeness of in the substitution for & was doubtful. Moreover, in discussing the vertical profile of the kinetic energy balance, the vertical transport term awkfap is the only term available for redistribution of the generated kinetic energy at a particular level for the dissipation at some other levels of the atmosphere.
In this study the vertical velocity w was computed by equation (2) for each individual station over the continent with the locally evaluated divergence of the grid scale. The local divergence was evaluated by a scheme which is a modification of Bellamy's triangle method (1949). In our computation schemes, the four to six most closely located surrounding stations are considered. Four to six triangles were then formed; each one with two neighboring stations, B and C, and that particular station A in the center. Then with the assumption of linear variation of the wind field, two sets of simultaneous equations and were solved for &/ax and aV cos @lay to obtain the divergence -. 420 -. 057 400-50" " --------" "_ ---~" .
--" ~. It is well known that the kinematically estimated w with the divergence computed by Bellamy's triangle method works well in the lower and midtroposphere.
However, due to the accumulation of error of the computed divergence during the vertical integration of the continuity equation, w may spuriously deviate from zero at the top of the atmosphere if integrated from the lower boundary. One significant source of error in the divergence estimate, according to Schmidt and Johnson (1967) , is that nonlinear variation of the wind field becomes significant. in the upper troposphere when certain circulation patterns of the jet stream exist. I n our modified scheme, as described above, the error in divergence is reduced to a certain extent because several divergence values of adjacent triangles around a station were added up to obtain a value of local divergence. Also, since we are only interested in d z / a p , a certain part of the accumulating error in the vertical integration can be expected to drop out in taking the vertical divergence of the 2.
Nevertheless, to the w values at the levels above 400 mb, Kurihara's correction scheme (1961) for w was employed in this study by requiring w at the top of the atmosphere to be zero and adopting his correction coefficient ~' ( p )
above 400 mb. It should be emphasized here that the correction was applied to w only above 400 mb. Thus in discussing the vertical transport between upper and midtroposphere, we need not worry about the effect of correction on w. Our case study also indicates that the effect of the correction above 400 mb on a z l a p is not significant for our scale of analysis. ward inflow of the kinetic energy during winter from the layer above 50 mb, which was rather unlikely, essentially disappeared.
Before proceeding to discuss the kinetic energy balance, the scheme of computing the generation "-4 used throughout our series of reports (loc. cit.) and in this paper should be examined with regard to the diurnal variation. As reported previously (Mung, 1967) , the generation and dissipation seem to be consistently greater a t 00 GMT than at 12 GMT. It is not difficult to expect an organized large-scale variation of the vertical motion and divergence patterns and, consequently, the significant diurnal variation of the kinetic energy budget from the diurnal cycle of surface heating in the lower and midtroposphere (see Curtis and Banofsky, 1958, and Bleeker and Andre, 1951) . The diurnal variation above the midtroposphere, on the other hand, is intriguing as well as puzzling. Examination of the intermediate output of our computation indicates that the diurnal variation of the wind affects the value of " -4 more sensitively than that of V4. Accumulating studies in the diurnal wind variation are not inconsistent with the diurnal variation of --8T*Vr#. The works by Darkow and Thompson (1968) , Finger, Harris, and Teweles (1965) , Harris, Finger, and Teweles (1966) , Hering and Borden (1962) , and Wallace and Hartranft (1969) may be cited in this connection.
It is well recognized that the radiation error becomes appreciable in the reported stratospheric temperature and height data. The National Meteorological Center, ESSA, has been systematically investigating the problem as summarized by McInturfT and Pinger (1969) . During the period 1959 througb 1963, which corresponds with the period of our data source, the correction for the radiation error was applied in most cases, a t the stations, to radiosonde observations of duct-type instruments, which were mostly used. The necessary further correction to those reported data was listed by Finger, Woolf, and Anderson (1965) for solar elevation from 0" to 90" from the 100-mb level to the 10-mb level. It is reasonable to assume some radiation error below 100 mb. However, in view of the listing by Finger et al. (loc. cit.) , the needed correction seems rather small below that level. In fact, the information for correction of radiation error below the 100-mb level is not available (personal communication with R. M. McInturff). Although most of the atmospheric layer we are interested in is below the 100-mb level and our result's obtained would not be influenced too much by the radiation error above that level, it is interesting to examine the sensitivity of our --8r*V4 computation to this type of error in the data.
The error contained in the height report accumulates a t the upper levels through addition of the biased thickness from below. However, most of the systematic error of this type will disappear by taking the gradient V+ using the nearby stations whose observational errors due to radiation are supposedly very similar. The radiation error in -the thickness also affects the reported value of the wind speed and direction. In this regard, as stated by Finger, Harris, and Teweles (1965) , it is important to turn our attention to the general rec.ognition that the wind observations are not known to have systematic errors. This should mean that the wind error due to the thickness report is too small to be recognized as the systematic cause of error in comparison with other error sources of random nature. To gain some insight into the radiation error range, several cases of original wind-aloft computation data at Columbia, Mo., were obtained for midJuly of 1968; the wind speed and direction at loo-, 70-, and 50-mb levels were recomputed, assuming an extreme value of radiation error in the thickness report. The assumed radiation errors result in thickness of 10 m per 2-min reading at 100 mb, 18 m a t 70 mb, and 27 m a t 50 mb. The recomputation shows that the difference between corrected and originally reported wind speed is less than 5 percent of the reported wind a t 100 mb and 5 to 10 percent a t 70 mb and 50 mb, unless the wind is extremely light (i.e., less than 3 m sec-I), in which case no spurious diurnal variation in this term is detectable anyway. The corresponding difference in the wind direction is mostly less than 3" (often within lo), again unless the wind is extremely light.
To test the sensitivity of our --V.Vt$ computation to the extreme radiation error in the wind data, four cases were illustrated with the 00 GMT observations in July 1962, as shown in figure 2. Case (1) is the original computation without any correction on wind data. In case (2), the u-component of the wind is increased by 10 percent a t 500-, 450-, 400-, 350-, and 300-mb levels; by 15 percent a t 250-and 200-mb levels; by 20 percent at 150-and 100-mb levels; and by 10 percent a t 70-and 50-mb levels. I n case (3), the u-component was reduced by the same percentage as case (2) a t the corresponding levels; in case (4), the u-component was increased by the same percentage; and in case ( 5 ) , the v-component was reduced by the same percentage. Figure 2 thus clearly shows that the computed vertical profile of "VeV4 will respond in some way to the radiation error components in the wind report. However, even with the extremely large radiation error component, which is very unlikely below the 100-mb level, the effects on the --V-V+ profile do not seem to be large enough to change our observations on the diurnal variation. Data Library (see section 1) that we used before. However, the period of the recomputation only covered from January 1962 through January 1963. December 1962 data were not utilized because of the technical input difficulty of the data tapes in our possession for that part. For other details of the data handling, reference may be made to one of the previous reports (Kung, 1967) . Throughout this paper, unless otherwise specified, the winter 3-mo value of a computed parameter is the average of the daily value of January, February 1962 and January 1963; the summer 3-mo value of June, July, and August 1962; the winter 6 mo of January, February, March, April, and November 1962 and January 1963 ; the summer 6-mo value of May, June, July, August, September, and October 1962; and the annual mean of the average over those 12 mo.
The kinetic energy balance with the recomputed horizontal and vertical transport terms is summarized in table 3 for the average of 00 and 12 GMT observations. The lowest 100-mb layer of the atmosphere is regarded as the planetary boundary layer. The atmospheric layer below 700 mb, including the boundary layer, may be regarded as the lower troposphere; the layer between 700 and 400 mb as the midtroposphere; and the layer between 400 and 50 mb as the jet-stream level, although during summer the actual position of the jet stream is a t the lower portion of this layer. With the recomputed a z l a p instead of the previous d a j a p , the picture presented in t,his table confirms our previous suggestion that the kinetic energy generation and the dissipation have double maxima in the boundary layer and a t the jet stream. The vertical transport into or out of the boundary layer or any of the three atmospheric layers as listed in the table is negligibly small in comparison with the generation value in each layer. Especially noteworthy is that awlclap shows the smallest value in the boundary layer and that, although small, during the winter and also on an annual basis the midtroposphere exports the kinetic energy to the jet-stream level. This inevitably leads to a strong argument that the kinetic energy generated in the free atmosphere cannot be carried down to the boundary layer for .
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. O N dissipation-it must be dissipated in the free atmosphere. Also, there is a significant energy dissipation at the jetstream level as well as in the boundary layer. As the vertical motion was computed with the grid-scale divergence, no information is available for the transport by the subgrid-scale vertical motion. However, the numerical experiment of the general circulation by Smagorinsky, Manabe, and Holloway (1965) , wbich parameterized the small-scale vertical mixing in the boundary layer with the mixing length concept, also shows the consistent result of aa/ci'p term with our observation.
The recomputed horizontal outflow -6 V k 0 nds resulted in somewhat reduced export and hence the higher dissipation value during the winter. The ratio of the total dissipation between the three winter and summer months is 1.00:0.52, and 1.00:0.67 between six winter and summer months as implied by table 3, whic,h seems to be reasonable in view of the seasonal difference in the intensity of the circulation. Also, as indicated by table 3, the boundarylayer dissipation is 36 percent of the total dissipation on the annual basis. During the winter, the proportion of the dissipation in the boundary layer seems to be larger than that during the summer. Tables 4 and 5 , respectively, list the generation and dissipation within 20 pressure layers from the surface to 50 mb for 6 winter months and 6 summer months and also on an annual basis separately for 00 and 12 GMT observations. Table 6 lists the annual mean kinetic energy balance among energy parameters of equation (1) for 00 and 12 GMT averages. Figure 3 contrasts the winter and summer 1 A c vertical profiles of the generation and dissipation for 00 and 12 GMT averages. Figure 4 further illustrates the balance of generation and dissipation in the five atmospheric layers during the winter and summer halves of the year and also on an annual basis for 00 and 12 GMT averages. Our improved computation scheme for the transport terms resulted in essential confirmation of our previous arguments (Kung, 1966a (Kung, , 19666, 1967 , and explanations on those illustrations will not be needed. As illustrated by Krueger, Winston, and Haines (1965) and Kung (1967) , the year-to-year variation of the atmospheric energy is significant. However, for our present purpose of confirming our arguments with the recomputed transport terms, the use of I-yr data should be satisfactory. With a reasonable assumption that the same proportion of reduction in the magnitude of 
DISCUSSION
Our study of the kinetic energy balance is based on the synoptic observational network.
Thus, the energy dissipation obtained is the dissipation we observe with the grid-scale synoptic data. For this reason the dissipation we obtained may be interpreted as the net energy cascade from the observable scale to the higher wave number. If we assume that there is no net accumulation of the kinetic energy in subgrid scales and the generation term does not play a significant role in those scales, then this net energy cascade should be identical t o implied eventual viscous dissipation. As evidenced by some of the negative dissipation values (see table 5 ) , the presence of some energygenerating subgrid scale eddy is probable. If this is the case, we underestimated the dissipation; the true dissipation should be even larger than we estimated. However, it is unlikely that we have overestimated the dissipation.
Our study, until now, has been limited to the data coverage over the North American Continent. It is doubtful that the dissipation over the ocean is much smaller than what we have estimated over the continent since the roughness over the ocean is much smaller than that over the land. A careful examination of the problem seems to negate this possibility at least at this moment.
As indicated in the author's earlier study (Kung, 1963) concerning the boundary-layer dissipation and also as implied by his recent study of the surface stress (Kung, 196Sa) , the boundary-layer dissipation over the ocean is comparable with that over the continent. This is due to the fact that, while the roughness is small over the ocean, the strong surface wind over the ocean contributes effectively to the boundary-layer dissipation. Above the boundary layer, there is no plausible reason t o argue for a smaller dissipation over the ocean. As a matter of fact, our energy-balance study over the North American Continent shows that a considerable amount of kinetic energy generated over the continent is exported a t the jet-stream level to the North Atlantic Ocean, suggesting that this amount of kinetic energy is likely to be dissipated in the free atmosphere over the ocean in addition to the kinetic energy generated there.
At this point it will be interesting to review some recent works on the problem of energy dissipation in the Trout and Panofsky (1969) and Ellsaesser (1968) (1959) (1960) (1961) (1962) for a climatological study of the energy dissipation over ,the Northern Hemisphere. Eis estimate of the dissipation in the free atmosphere, 3.89 watts m-2 over the Worth American Continent, is very close to our value of 3.50 watts m-2 that may be obtained from table 3. Table 8 compares Trout and Panofsky's and Ellsaesser's estimate of the dissipation near the tropopause with that in this study. Dissipation values by Ellsaesser and those of this study were interpolated for the atmospheric layers used by Trout and Panofsky. Considering the difference in approach and data source and uncertainties involved in the data processing of each study, the agreement between their values and 00 GMT values in this study must be recognized to be extremely close. The dissipation values in this study as the mean of the 00 and 12 GMT observations are lower than those a t 00 GMT. However, a good overall agreement between their values and our 00 and 12 GMT average still should be recognized. As discussed in section 2, it is d&cult to present positive evidence against the diurnal variation, from the technical viewpoints of our computation scheme. Wallace and Hartranft (1969) reported that their observation of the direction of the diurnal tide in three atmospheric layers below 30 km qualitatively agrees with our diurnal variation of --$roV+ in those layers. Nevertheless, our observation of significant magnitude of the diurnal variation of energy parameters is open t o question and comments are invited. Data coverage for :our study has been limited to north of 25" N. According to Ellsaesser's climatological estimate (1969) , although the magnitude is somewhat smaller than in middle latitudes, an appreciable amount of the energy dissipation in the free atmosphere was also indicated in the Tropics. A strong recent argument by Charney (1968) concerning the existence of the upper Ekman boundary layer is particularly noteworthy, both in connection with the energy dissipation in the Tropics and the problcim of dissipation in the free atmosphere in general.
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CBNCLUDONG WE
With the improved scheme for computing the horizontal and vertical transports of kinetic energy, we have shown, on a firmer basis than before, that a considerable amount of the kinetic energy is dissipated outside the planetary boundary layer, that there are two maxima of generation and dissipation in the boundary layer and a t the jetstream level, and that the dissipation value is much higher than currently assumed in most numerical models of the atmosphere.
This report concludes our preliminary study of the kinetic energy balance. Currently, a continued work is in progress with the support of the National Science Foundation (NSP Grant GA-1287) in an effort to extend the energy balance study to other regions of the Northern Hemisphere, to examine the three-dimensional distributions of the energy balance, and also to examine the problem of the energy cascade with a mesoscale radiosonde observation network.
